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Abstract 
The engine bleed system transports the hot air from the motor to the aircraft systems. Among the various materials 
suited for use in this system, pure titanium stands out because of its favorable characteristics. The pneumatic system 
components are subject to cyclic stresses leading to possible failures.  The occurrence of fatigue failures in arc 
welded ducts lead us to develop and test an alternative welding process using a fibre laser of 2 kW in order to join 
titanium components for the aircraft bleed system. The lower thermal input of this process results in reduced 
dimensions of the weld beads and lower residual stresses and distortions when compared to the conventional arc 
welding. During the welding development stage, the best results were obtained at 200 W for a welding speed of 2 
m/min. In order to assess the performance of welded joints, cyclic pressurization tests at the working temperature of 
350°C and maximum pressure of 150 psi were conducted in the pneumatic workbench aimed at simulating the aging 
process suffered by the pneumatic system ducts. The microstructure and mechanical properties of the specimens were 
determined and the performances of laser beam and arc welded joints were compared. 
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1. Introduction 
The environmental control system has the functions of maintaining cabin comfort and preventing ice 
buildup in fuselage shapes of a commercial aircraft. The energy source of this system comes from the hot 
air bled from the engines. The set of components necessary to conduct the hot air to the point of use is 
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called engine bleed air system, also known as pneumatic system. This is a set of ducts containing curved 
and straight sections, joints, valves and welded components, which are critical parts of system. 
Considering the severe operating conditions to which the pneumatic system is subjected, which include 
pressurization and heating cycles, the employed materials and manufacturing processes must be 
adequately selected. Titanium alloys are suitable materials for use in this system due to their high-
temperature fatigue and oxidation resistance. Understanding the phase transformations in titanium and its 
alloys is very important to assess the mechanical behavior of titanium parts. During cooling from high 
temperatures, pure titanium undergoes an allotropic transformation at approximately 880°C from a 
hexagonal close packed crystal structure (α phase) to a body centred cubic structure (β phase) [1, 2]. 
Titanium alloys possess excellent corrosion resistance, good weldability, elevated strength-to-weight ratio 
and operational temperatures well above the high-strength aluminum alloys [3, 4]. The alpha titanium 
alloys generally present better corrosion resistance and weldability than beta titanium alloys [4]. At room 
temperature, commercially pure titanium (CP-Ti) has a density of 4500 kg/m3 [5]. The tensile strength of 
titanium alloys can reach 1300 MPa depending on the alloying elements and the heat treatments [6].  
A number of in-flight failures of titanium ducts, all of them associated to cracking adjacent to welds, 
have been reported in literature [7, 8]. Analyses carried out in failed CP-Ti parts of pneumatic systems 
showed damage evidences in the inner surfaces, which eventually lead to stress concentration and reduced  
lifetime of the components [8]. In order to provide information concerned with the service performance of 
the titanium ducts and their effects on material behavior, it was developed in a previous work a pneumatic 
workbench capable of reproducing the temperature and pressure cycles found in flight conditions [9]. By 
simulating the operational conditions in CP-Ti parts welded by the Gas Tungsten Arc Welding (GTAW) 
process, it was observed that some ducts failed after a number of pressurization cycles below the expected 
service life. The fractographic analysis of a failed duct revealed that fatigue cracks can nucleate in the 
vicinities of weld flaws and gradually propagate through the wall, indicating a necessary improvement of 
the welding quality [9]. The occurrence of these failures opens the possibility of studying the application 
of alternative welding processes such as Laser Beam Welding (LBW).  
LBW offers the possibility to reduce heat-affected zone and welding stresses by a very controlled heat 
input [10]. Roggensack et al. [11] investigated two different methods of welding, laser and plasma. In this 
study no significant differences were found in the fatigue strength of titanium parts welded with these two 
methods. However, extreme loads led to earlier fatigue failure in the plasma-welded specimens. Casavola 
at al. [6] verified by means of fatigue tests carried out in twelve LBW welded specimens that the fatigue 
failures in grade 2 and grade 5 titanium occurred far from the weld location in eleven broken specimens. 
These unexpected results were related first to the limited extension of the heat-affected zone as well as to 
the dimension of the grains interested by the weld thermal cycle. The second reason is that the welded 
joints were not misaligned, reducing secondary bending effects. Finally, the welding seam profile was 
fairly regular and stress concentration factor was quite small. Li et al. [10] welded CP-Ti of 1.5 mm in 
thickness by hybrid fiber laser-gas metal arc (GMAW) and fiber laser. The results have shown that 
excellent welds can be produced by hybrid process due to complimentary benefits of both processes, such 
as gap bridging capability and productivity. 
 The aim of the present work is to develop and test an alternative welding process using a fibre laser of 
2 kW without metal addition in order to join titanium ducts for aircraft pneumatic systems. Ring-shaped 
specimens for fatigue tests were cut from the straight sections of the ducts. The fatigue tests were 
conducted in a servo-hydraulic machine at room temperature in laboratory air. Specimens welded by the 
conventional GTAW process were tested for comparison. A tubular test-piece welded by the GTAW 
process was also tested in a pneumatic workbench that simulates the flight cycles of a regional jet. 
S.M. Carvalho et al. / Procedia Engineering 10 (2011) 1321–1326 1323
2. Experimental
2.1. Material
Thin-walled CP-Ti tubes similar to those employed in the pneumatic system of a commercial jet were 
chosen for the present work. The chemical composition of the material, as required by SAE AMS 4941C 
standard, is given in Table 1 and its microstructure, see Fig. 1, consisted of equiaxed grains of α-phase 
with an average grain size of 10 μm. The specimen dimensions are the following: diameter = 50.0 mm, 
wall thickness = 0.50 mm and length = 300 mm. The specimens were previously annealed for stress relief 
at 560°C per 150 min. 
Table 1. Chemical composition of CP-Ti (wt pct) 
Element C O Fe N H Other elements Ti
Amount (max) 0.10 0.25 0.20 0.05 0.015 0.15 Balance
Fig. 1. SEM micrograph CP-Ti, transverse section of the tube 
2.2. Welding equipments and conditions 
Two welding processes were employed in this study: the conventional Gas Tungsten Arc Welding 
(GTAW), commonly used in pneumatic system components, and the Laser Beam Welding (LBW), 
proposed in this work as an alternative process. In both processes, the tubes were bead-on-plate welded in 
the longitudinal direction without filler metal (autogenously). Since titanium is a prone-to-burn metal 
during melting, a special arrangement was used to protect both upper and bottom surfaces of the welds. A 
nozzle with a tailor-made hole protected the weld at the external tube surface. This nozzle encapsulated 
the welding region and surroundings with a laminar argon flow all though the welding process. The 
bottom of the weld is protected as well by pressurizing the tube. For accomplish this, both sides of the 
tube was partially sealed, one with an argon input and other with a small hole to produce an 
approximately inert atmosphere. 
The equipment used for GTAW process was an ESAB Co., model Aristotig 200. The process 
parameters were: current of 30 A, welding speed of 360 mm/min, electrode angle of 45° and pure argon 
gas at 30 l/min flow rate. For LBW process, the equipment used was a 2 kW continuous wave fiber laser 
produced by IPG Co., model YLR-2000. With this process it is possible attain a full penetration bead with 
a single pass by the keyhole mechanisms. Thus, a vapor channel is created in the melted metal which 
guides the laser beam inside the material increasing heat transfer and penetration. The laser radiation is 
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generated in 50 μm diameter fiber doped with ytterbium. The focal length was 157 mm, with a minimum 
spot diameter of 100 μm and focus position on the top surface of specimens. The focusing head is 5º tilted 
to avoid back reflection that can damage the fiber termination module. The experiments were performed 
in computerized numerical control (CNC) table. The overall argon flow rate was 70 l/min for the gas 
lines. After some preliminary tests, two LBW conditions (power and welding speed) were adopted for this 
work: 200 W with 2,000 mm/min and 250 W with 3,000 mm/min. 
After welding, tubular specimens were cut (transversely and longitudinally) and material samples were 
prepared by conventional methods for metallographic inspection. The samples were etched with Kroll 
reagent to reveal the microstructure and bead shape and then observed in optical microscope. 
Microhardness evaluations of the welded joints were placed across the weld using a Vickers hardness 
tester with 50 gf load and 9 s indentation time.   
2.3. Testing conditions 
A tubular test-piece welded by the GTAW process was tested in a workbench that simulates the flight 
cycles of a regional jet. A schema of the workbench was presented in a previous work [9]. The cyclic 
pressurization test was conducted at 350°C, with constant amplitude cycles having maximum cyclic 
pressure of 150 psi, pressure ratio (min/max) of 0.1 and frequency of 0.3 Hz. According to the von Mises 
criterion, this maximum pressure level corresponds to effective stress of 48 MPa in the duct wall. A 
number of 4.5 × 104 pressurization cycles were applied, corresponding to the 60,000 flight hours to which 
the pneumatic system components are expected to endure. 
Ring-shaped specimens for fatigue tests were cut from the straight sections of the ducts. The 
specimens were further machined into an hourglass profile, with the weld bead centred to the test section. 
The edges of the specimens were ground with emery paper, while the internal and external surfaces were 
left in their original condition. The fatigue tests were conducted in a servo-hydraulic machine at room 
temperature in laboratory air, with a sinusoidal waveform and frequency of 10 Hz. A test rig designed and 
built for these tests was mounted in clevis-type fracture mechanics grips in such a way that the specimens 
were loaded in the same direction of the highest principal stress due to the duct pressurization. 
3. Results and discussion 
3.1. Weld bead 
Both welding processes attained full penetration; however the dimensions of welding for each 
condition were different, see Fig. 2. LBW tubes presented a bead width of approximately 1.5 mm, while 
GTAW resulted in 5 mm width. Considering the material thickness of 0.5 mm, the GTAW specimens had 
and aspect ratio (width/penetration) of 10, i.e., 3 times greater than LBW values of 3.2 and 2.7, 
respectively. These values resulted from the different heat inputs for the processes. The LBW joints were 
silvery and smooth, see Fig. 2a, indicating the good molten pool shielding. GTAW beads were yellow in 
the center of the tube and light blue in extremities, Fig. 2b. 
(a) (b)
Fig 2. Tubular test-pieces welded by (a) LBW; (b) GTAW 
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3.2. Microstructure and microhardness 
Despite the differences in heat input and aspect ratio, similar microstructural characteristics resulted 
from both welding processes. While well-delimited molten zones (MZ) were found, the microstructure of 
the heat-affected zones (HAZ) was not easily distinguishable from that of the base metal. It can be seen in 
Fig. 3 that the MZ presented a microstructure composed by acicular alpha and coarse serrated alpha. The 
microhardness profiles showed an increase in hardness values from the base metal in direction to MZ. 
The average microhardness of the base metal is 137±8 HV and no significant change in the values were 
observed in both pressurized and as received tubes. Compared to the base metal, the microhardness of the 
MZ increased as follows: LBW 200W = 22%, LBW 250W = 30%, GTAW = 10% and pressurized 
GTAW = 9%. 
(a) (b) (c)
Fig 3. Microstructure of the weld beads, surface view, 200× magnification: (a) LBW 200W; LBW 250 W; (c) GTAW 
3.3. Fatigue test 
The fatigue test results, shown in Fig. 4, indicate the higher fatigue resistance of LBW 200W weld 
bead and the lower fatigue resistance of LBW 250W bead, when compared to the conventional GTAW 
joint. A comparison of each two of these data sets using the paired t test has confirmed that the LBW 
250W is significantly different from the other material conditions, making evident the lower strength 
achieved by this welding specification. In all the cases, the fatigue cracks developed abutting the weld 
beads. Additional tensile tests using ring-shaped specimens resulted in fractures apart from the weld 
beads, indicating that, despite the rough microstructure, these are not the weakest regions of the ducts. 
The causes of the lower resistance of LBW 250W are yet to be investigated.  
On the other hand, similar fatigue experiments conducted in a previous work [9] resulted, for the base 
metal with thickness of 0.7 mm and tested at the same stress levels (300, 240 and 180 MPa), in average 
lives of 4 × 104, 6 × 104 and 1.5 × 105 cycles, respectively. Thus, the presented results evidence a drop in 
the fatigue resistance of the joints, whatever the adopted welding process. This means that the weld beads 
can act as stress raisers that induce fatigue cracks. As for the pressurized ducts, the previous work [9] has 
shown that the damage accumulation resulted in a drop of at least 50 MPa in fatigue resistance at 105
cycles. This effect was not evident in the pressurized arc welded ducts, indicating that, in this case, the 
stress concentration due to the weld surpasses the possible effects of pressurization. 
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Fig 4. Fatigue test results 
4. Conclusion 
Titanium ducts similar to those employed in the pneumatic system of a commercial jet were bead-on-
plate welded in the longitudinal direction. Two welding processes were employed: GTAW and LBW. 
Both processes resulted in molten zones composed by acicular alpha and coarse serrated alpha structure. 
The fatigue tests demonstrated the higher resistance of LBW 200W and the lower resistance of LBW 
250W when compared to the GTAW weld bead. Although it was shown in a previous work that the 
damage accumulation due to cyclic pressurization resulted in a drop in the fatigue resistance of the base 
metal, this effect was not evident for the pressurized arc welded duct. 
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